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INTROOUCTION

Good and poor year classes of fish may be determined during the larval stage by physical
events that act upon larvae directly or indirectly by controlling their food supply (Hjort,
1914; 1926). The goal of this workshop is to evaluate our ability to identify and monitor
these physical events, at appropriate scales, which might facilitate forecasting larval fish
survival. Larval survival depends not only on environmental variables and prey availability
at first feeding but also on a suite of species specific behavioural and physiological charac-
teristics. Thus, minimum food concentrations needed to initiate feeding and promote larval
fish survival will vary among species due to interspecific differences in egg size (hence
development at hatching), resistance to starvation, feeding strategies, growth rates, growth
efficiencies, and metabolic demands. Therefore, these foad concentrations and other input
parameters in models designed to predict survival and recruitment must incprporate species-
specific functions. Presented here are pertinent life history, behavioural and physiological
parameters of four important pelagic representatives of related species of the California and
Peru Cuq;ents, as well as twelve predominantly demersal species of the north Atlantic Ocean
(Table 1).
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SPAWNING

With the exception of the cod, Gadus morhua, the Atlantic species discussed here form
Tocalized coastal populations and do not undertake extensive migrations. The stocks of
these species are considered to be relatively distinct in their various localities for that
reason. Each species has its own preference for bottam terrain, depth and temperature. Al
undertake at least a short migration before or during their spawning period, most of them
toward shallower, inshore waters.

Peak spawning times vary with each species in each locality. Generally, in the northern
hemisphere spawning begins in the southern part of the species' range and moves northward as
the season advances following the advance of primary production cycles. This is reversed in
the southern hemisphere. Spawning times of the four California Current species overlap.
Northern anchovy, Engraulis mordax, and northeastern Pacific sardine, Sardinops sagax, spawn
in early spring, and Pacific mackerel, Seomber japonmicue and jack mackerel, Trachurus
symmetricus, spawn later. Kramer and Smith (1970) summarized spawning from 1951-1960 in the
California Current, 20-300 miles off the coast as follows: Pacific sardine spawning begins
in small areas in January off both southern California and Baja California, the centers of
the northern and southern subpopulations. Spawning areas continue to expand to the north
and south and by May-June spawning is maximum, appearing as one area extending from Point
Conception, California to mid-Baja California. Spawning of northern anchovy extends from
Point Conception to southern Baja California from January to May; the spawning area
decreases somewhat in June and July. Lasker and Smith (1977) could find no relation between
amount or location of northern anchovy spawning and changes in temperature or zooplankton
production over the spawning area between 1953 and 1960. Pacific mackerel spawning begins
in the Spring off southern Baja California, moves north with waming water to southern Cali-
fornia in May, June and July. Major spawning of jack mackerel first occurs in March off
northern Baja California, and spawning gradually spreads northward off southern California
in April and peaks in May and June as the water wamms. Thus, between April and July, spawn-
ing of the four California Current species overlaps both temporally and spatially,

Frequency

Although little information is available on spawning frequency, some species are known
to spawn at intervals during the spawning season. In cod and haddock, Melanogrammus
aeglefinus, not all of the eggs within the ovary ripen at once; for cod there are at least
three and possibly up to eight batches of eggs in a season (Hardy, 1978). Yellowtail
flounder, Limanda ferruginea, also spawn more than once throughout a prolonged spawning
season (Martin and Drewry, 1978). Hunter and Goldberg (1980) give evidence of batch spawn-
ing in the northern anchovy with a periodicity of about seven days and -perhaps as many as
20 spamnings over the season. Thus, relationships between adult biomass and apparent egg
abundance are complex.
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€GGS

The eggs of the subject species range in size from 0.65 to 2.2 mm in diameter (Table 1)
and, with the exception of anchovy, eggs are spherical, Egg buoyancy varies; most eggs are
pelagic. except for those of winter flounder, Pseudopleuroncetes americaruse, and herring,

pea a. Early-stage pelagic eggs are found in the surface waters but they may des-
cend to mid or bottom depths as development proceeds. Cod eggs are an example of this latter
process (Hardy, 1978). Variations in density within the water column may "trap" eggs in
their iso-density surfaces or vertical mixing may distribute them throughout the mixed water
layer, but most pelagic eggs are found at or near the surface.

Size

Within species, egg size has been shown to decline from spring to summer and vary
inverseley with temperature (Ware, 1975). Decreasing egg size with season may be due to a
shift in spawning from older to younger females (Ahlstrom, pers. comm.). Within species
larger eggs are hypothesized to improve survival by producing larger larvae that are able to
swim faster and search a greater volume of water for food (Hunter, in press). However,

Hempel and Blaxter (1963) found that within a race of herring, the larvae hatching from

large eggs did not survive longer than those from smaller eggs (no food was added), presumably
because larger larvae have proporticnately higher metabolic demands. But it has been shown
that jack mackerel hatched from large eggs can grow twice as fast with the same feeding treat-
ment as those hatched fram small eggs (.09-.15 mm/day versus .05 mm/day; Theilacker, 1980a).

Incubation time is a function of egg size and temperature; larger eggs take more time
to hatch at similar temperatures (Table 1). Egg sfze also affects duration of yolk-sac stage
(Ware et al., 1980), time to irreversible starvation (Blaxter and Hempel, 1963), and hatching
size (Blaxter and Hempel, 1963; Theilacker, 1980a; Eldridge, pers. comm.). Temperature has a
significant and reproducible effect on each of these parameters. However, at constant tempera-
ture, the influence of differing egg sizes on these parameters may vary; in particular, jack
mackerel incubation time, yolk-sac stage, and time to irreversible starvation did not differ
between egg sizes (0.9 versus 1.0 mm), yet size at hatching and growth rates did differ
(Theilacker 1980a).




IOC Workshop Report no.28
page 111

_LARVAE

At hatching larvae range from 1.89 mm for lined sole, Achirus lineatue, to over 6.0 mm
for the plaice, Pleuronectes platessa, and herring (Table 1), Larvae show varying degrees
of development at hatching, but at yolk absorption, the described larvae have pigmented
eyes, open quts, and functional mouths if development occurred within the species' optimal
temperature range. Most larvae, with the exception of anchovy and sardine, are capable of
feeding before their yolk is .completely absorbed. There is evidence that when food is
present the yolk is absorbed at a constant rate, but if food is not present the rate of
utilization begins to decline (Ryland and Nichols, 1975).

At the time of complete utilization of the yolk reserves, larval survival is dependent
upon the larva's ability to find and capture sufficient prey. The amount of time a larva
can survive without food, before it is too weak to feed and death is inevitable, has been
termed the time to "point of no return” (Blaxter and Hempel, 1963). Days to point of no
return (irreversible starvation) are quite similar among described Atlantic species and among
described California Current species (Table 1). In general, the Atlantic species have one
week to capture a critical number of prey organisms for survival and subsequent development.
The California Current and tropical Atlantic species have only 2-5 days until irreversible
starvation, but they are generally exposed to higher temperatures than the subject Atlantic
species. The time to irreversible starvation has been shown to decrease with increasing
temperature (Lasker et al., 1970; Hunter and Kimbrell, 1980).

Survival vs starvation

After the yolk has been absorbed, larvae must eat. The locomotory and perceptual capa-
bilities of the larvae, the density of suitable prey and the behavioural patterns of larvae
and prey are the important factors that influence feeding, and thus survival and growth.
Delaying larval feeding for one or more days after yolk absoption decreases survival and
growth rate. For example, starving northern anchovy for three days after they were capable
of feeding decreased survival to age 13 days from 70% (for fed larvae) to 20% (for delayed-
fed larvae) and decreased size from 7.1 mm standard length (SL) to 4.6 mm SL respectively.
Four days of starvation decreased survival at age 13 days to 6% and size to 3.6 mm SL
(Theilacker, unpubl.).

Starved northern anchovy larvae were active during the first day without food but
activity decreased thereafter; larvae began to sink, head down, but they exhibited avoidance
behaviour throughout the four-day starvation period. As anchovy larvae sink, reduction of
activity may reduce risk of predation (Hunter, in press). The larvae may also enter an area
of higher food concentration or enter cooler water, thus increasing available calories and/or
decreasing metabolic demands, thereby increasing probability of survival for a longer time.
At the time of irreversible starvation, Pacific mackerel, unlike anchovy and jack mackerel,
continue to swim and eat but they cannot eat enough to survive (Hunter and Kimbrell, 1980).

The onset of starvation in anchovy and mackerel larvae is characterized by changes in
the histological characteristics of the pancreas, liver and gut (0'Connell, 1976; Theilacker,
1978). The mackerels require two days of eating to repair tissue damaged by one day of star-
vation, and they do not grow during this period. The gut is the first tissue degenerated by
starvation and apparently the last tissue to be repaired (Theilacker, 1980a).

The number of days to irreversible starvation increases with age. For northern anchovy,
time to irreversible starvation from the onset of feeding (when the larvae had no body
reserves) was 3-4 days (Table 1); at metamorphosis (when the fat level was 30%, dry weight)
it was 15 days. Fat levels declined to about 12% in the 15-day starved metamorphosed fish
and recovered to the original levels after 5-8 days of feeding {Hunter, 19760. Results were
similar for herring larvae; time to irreversible starvation increased from six days at yolk
absorption (6 days of age) to 15 days at 88 days of age (Blaxter and Erhlich, 1974).
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Swimming modes

The food-searching ability of larvae is a function of their swimming capabilities,
activity levels, perceptive distances and their ability to successfully complete the attack
sequence on a prey organism.

The dominant swimming mode of larval anchovy is a beat and glide, or intermittant swim-
ming (Hunter, 1972). In contrast, Pacific mackerel (Hunter and Kimbrell, 1980) and jack
mackerel beat continuously (Theilacker, unpubl.). Vliymen (1974) has calculated that slow,
intermittent swimming is efficient for larval anchovy while Weihs (1974) shows that inter-
mittent swimming is less efficient for mackerels of all sizes. Larval Pacific mackerel swim
at more than twice the speed of northern anchovy (.46 versus .2 cm/s; Table 2), owing in
part to their differences in swimming mode. Swimming speeds for 6 mm jack mackerel are
intermediate between Pacific mackerel and northern anchovy of the same size (Table 2).
0‘Connell (in press) suggests that the differences in swimming modes between northern anchovy
and Pacific mackerel may be due to anatomical differences. The short post-anal tail (thus
short flexure) of anchovy is due to their long digestive tract, and the long post-anal tail
(thus long flexure) in mackerel is due to their short, compact digestive tract.

Swimming speed

Voluntary swimming (cruising) speeds for young larvae {Table 2) range between 0.1-0.5
cm/s; sardine, anchovy, sole and plaice are at the low end of the range with mackerel and
herring at the high end. Variation in experimental methods has produced widely differing
results. For example, in forced swimming experiments (Ryland, 1963) plaice swam about 2 tc
7 times faster than during voluntary swimming experiments (Blaxter and Staines, 1971;

Table 2). Swimming speeds of young larvae in experimental tanks may be comparable to, or
typical of, speeds achieved in the field; but container size probably affects activity of
older larvae. In particular, Hunter (pers.comm.) has seen 10 mm northern anchovies swim
apprxomately 1 m in about two seconds (about 50 cm/s) in a large, deep tank (5 m x 10 m).
This is much faster than burst speeds over short distances measured in smaller experimental
tanks for northern anchovy (e.g., 15 am/s; Hunter, 1972).

Although voluntary and sustained swimming speeds are needed to determine routine energy
expenditures of larval fish, estimates of burst swimming speeds are essential to determine
energy required to capture prey and avoid predators. Both burst speeds for northern anchovy
larvae and distance travelled per burst (endurance) increased linearly with length (Webb and
Carolla, MS; Table 2); for herring larvae the duration of single bursts decreased with
length while the number of bursts per minute increased (von Westernhagen and Rosenthal, 1980).
Jack maci)nere'l burst speed and endurance is about twice that of anchovy at the same age
(Table 2).

Swimming speeds appear to be inversely correlated with prey density., For exampie, plaice
(Wyatt, 1972) and cod (Ellertsen et al., 1980) increased their swimming activity in the
absence of food, and northern anchovy, 4-8 days of age, swam at 0.5 om/s outside a food patch
and at 0,3 cm/s inside a patch (Hunter and Thomas, 1974). Thus, swimming speeds are apparent-
1y reduced when food organisms are encountered, and the commensurate expenditure of energy due
to swimming activity could conceivably be less in high food concentrations. But it may be
that within a food patch the combined energy expended in slow swimming plus attacking prey is
greater than energy used outside a food patch for faster swimming (see section on Attack modes).
Owing to these observed decreases in swimming speed with increasing prey density, extrapolations
to calculate volume of water searched and hence prey density requirements from swimming speeds
should be made with caution.



http://pers.Com

I0C Workshop Report no.28
page 113

Table2. Activity -- swinming speeds.

Ouration of burst

Age Cruising! Burst or distance
Species °c (d; vm; pg) cm/s BL/s /s BL/s  traveled per burst Reference
Sardine 15-18  yolk; 3-5 mm 0.2 Blaxter & Staines
Sardina pilchardus * 3 wks. 0.3 1971
Herring 8-12  yolk; 6-1!' mm 0.4 Blaxter § Staines”
_020_ harengus b 8 wks. 1.4 197
2.3 8-10 Blaxter 1969
Northern anchovy 13 Iwm 0.1 .2 Hunter 1972
Engraulis mordax 19 Im 0.2 .6 Hunter {(in press)
13 Sm 0.3 .5
19 5mm 0.5 .9
17 15 o 1.5 1.0
" . 7 35 m? 3.5 1.0
17 80 mm 12.0 1.5 Theilacker {unpubl.)
17 150 mn 50.0 3.3
7 8 m? 3 8-16 ms Hunter 1§72
17 13 m? 8 8-16 ms
. . 7 Im 7.3 24 1.3 an/176 ms Webb & Carolla (MS)
17 8 mm 1.4 14 3.1 om/272 ms
17 13 mm 15.8% 12 5.0 cm/323 ms
WhitefishS 7-15 15 m 1.5 1.0 Hoagman 1974
Coregonus clupeaformis
Jack mackerel 16 6.0-6.5mm .36- 0.8 4-6 2-8Bem; 2 s Devonald (pers.comm.)
Yrachurus sysmetricus .72 {0.6-1.2)
Pacific mackerel 19 3.6 m 0.46 1.3 Hunter & Kimbrell
Scomber japonicus “ 15.0 mn? 5.6 3.8 1980
Large mouth bass 19 2-7 d; 6-7 m 348 4.5 Laurence 1971
Micropterus salmoides
::aice’ . 10-12 yolk; 5-7 mwm 0.2 Bl;?ter & Staines
euronectes platessa . 9-10 mm 1.0 19
o . 5-7 sm 1.58 4-9! ~10 9-15 an Ryland 1963
- 9-10 mm  2.2° 9-15!-13 12-36 om
b 25 mm 6.5°%
Sole’? 10-12 yolk; 3-5 mm 0.1 Blaxter § Staines
Solea solea 9-10 rm 0.7 1971
Walleye perch? 13 7.5m 0.5 0.6 Houde 1969
Stizostedion vitreum vitreum Y NMN.0mm 3.5 3.0
Yellow perch? 13 7.5m 1.5 1.8 Houde 1969
Perca flavescens * NOmm 3.5 3.0
! voluntary swisming
2 metamorphosts
3 attacking prey
“ mean burst speed = 8.18 [ + 4.89; maximm distance traveled = 3.79+0.08
S no effect of temp. or age
¢ forced swimwing; speed susuined for 30 m
7 903 dacrease in activity at setamorphosis
: forced swimming; speed sustained 4-20 s

forced swimming; speed sustained for 1 h
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Attack modes

At the onset of feeding there are two basically different larval feeding behaviours,
"S" and "C" postures. To illustrate, as northern anchovy sight prey their sinuous body
moves into an "S" posture. Then, using their pectorals to move toward the prey, they
straighten their body, driving it forward to capture the prey (Hunter, 1972). "S" posture
feeding behaviour is also typical for young larvae of engraulids (bay anchovy, Anchoa
mitchelli; Houde, 1973); clupeoids (Pacific sardine; Schumann, 1965); herring (Rosenthal
and Hempel, 1970); and flatfishes (Jones, 1972). In contrast to the "S" posture behaviour,
larvae of Pacific mackerel stop swimming and assume a "C" posture when sighting prey, then
they open their mouths and lunge toward prey by driving the tail posteriorly (Hunter and
Kimbrell, 1980). This "biting-lunge" technique is also typical for larvae of jack mackerel
(Theilacker, unpubl.) and cod (Ellertsen et al., 1980), but cod also appear to expand their
oral cavity and suck in prey. Some fishes are more energy-efficient and opportunistic. For
example, Sebastes, the rockfishes, use the "biting-lunge” technique but are less active and
wait for prey to swim nearby (Butler, pers. comm.).

Hunter (in press) stresses two other important differences in feeding between northern
anchovy and Pacific mackerel: the first, anchovy strike only once at a food particle and
mackerel will move backward and persist in striking until successful. The mackerel's
persistent feeding strategy is advantageous because the large prey they prefer to eat are
barder to capture and less abundant than the smaller prey eaten by anchovy (Hunter, in
press). Larval plaice (Blaxter and Staines, 1971), cod (Ellertsen et al., 1980) and jack
mackerel (Devonald, pers. comm.) also have been observed moving backward and repeatediy
striking at the same particle.

The second important difference in feeding between northern anchovy and Pacific mackerel
is that mackerel are cannibalistic at 10 mm (20 days) and larval anchovy are never piscivorous
(Hunter, in press). Sibling cannibalism is considered to be a density-dependent disadvantage
of patchy spawning (Hunter, in press; Hewitt, 1980). Neither jack mackere! nor Pacific
sardine are cannibalistic in the laboratory; whether this is due to behavioural differences
or an inability to physically manoceuvre this sort of prey is unknown.

The difference in manceuvrability between species probably accounts for differences in
their feeding success and habits. Initial feeding success is low for herring, 2-6% (Blaxter
and Staines, 1971) and northern anchovy, 10% (Huhter, 1972). Winter flounder (Laurence, 1977),
bay anchovy, Anchoa mitchelli, lined sole (Houde and Schekter, 1980), and big-eye anchovy,
Anchoa lamprotanea, (Chitty, 1980) also require several days of feeding to establish and
improve feeding success. On the other hand, larvae with greater manoeuvrability have rela-
tively high initial feeding success; sea bream Archosargus rhomboidalis, (Houde and Schekter,
1980), plaice(Blaxter and Staines, 1971), cod (Ellertsen et al., 1980), Pacific mackerel]
(Hunter and Kimbrell, 1980), and jack mackerel (Theilacker, 1978) are efficient feeders at the
onset of feeding.

For larvae that are ineffective feeders on the first day of feeding, the energy cost of
attacking prey must be relatively great. For example, the nutritional condition of first-
feeding northern anchovy (determined by histological techniques) was poorer in larvae that
had been feeding for one day than in larvae which were starved. Most first feeding northern
anchovy larvae were not in a healthy, robust condition until they increased their capture
efficiency, usually on the third day of feeding (0'Connell, 1976). On the other hand, the
same experimental situation with jack mackerel larvae had opposite results (Theilacker, 1978);
fed larvae were always in better histological condition than starved larvae. Thus, jack
mackerel are probably more efficient than anchovy at capturing prey on the first and second
day of feeding. In addition, yolk reserves in unfed jack mackerel were greater than in fed
larvae, again indicating that energy expenditure for non-feeding larvae was larvae was less
than for feeding larvae (Theilacker, 1978).
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Visual Perception

Most larvae are believed to be purely visual feeders. Perceptive distances may depend
on prey movement, orientation in relation to the eye, contrast to the background and illumina-
tion. Perceptive ranges for herring even depended on their swimming speed; ranges were greater
during slow swimming than fast swimming (Rosenthal and Hempel, 1970). At first feeding, move-
ment of prey does not appear to be a criterion for acceptance, as larvae often eat non-motile
foods such as copepod eggs. Distance to the prey and prey size probably are the important
factors in prey detection. In all larval fish studies, perceptive distance, usually expressed
as a funétion of body length (BL), has been shown to increase with age/size (Hunter, in press).
For example, over an eight-week period, the perceptive distance of plaice increased from 3.5
to 5.5 mm, that of pilchard, Sardina pilehardus, increased from 1.0 to 2.5 mm, and of herring
from 3.5 to 5.0 mm (Blaxter and Staines, 1971). Average perceptive distances summarized by
Hunter (in press) are:

BL
herring 0.7-1.0 Rosenthal and Hempel 1970
herring 0.4 Blaxter and Staines 1971
plaice 0.5 Blaxter and Staines 1971
pilchard 0.2 Blaxter and Staines 197
anchovy 0.4 Hunter 1972
whitefish 0.4-0.7 Hoagman 1974

Most fish larvae feed only during the day, but some larvae feed in dim light, and some
may feed at night. Houde and Schekter (1980) noted limited feeding of young bay anchovy,
lined sole, and sea bream, at 50 mc. Freshwater larval whitefish, Coregonus clupeaformis,
feed at one mc (Hoagman, 1974), and Smith et aZ. (1978) mentioned four species that feed at
night; rockfish, Sebastes marinus (Marak, 1974), sole, Solea solea {Blaxter, 1969), plaice
(Shelbourne, 1953) and yellowtail flounder. B1axte5 (19?9) found that feeding became
reduced in herring at a light intensity range of 10¢-10"! mc and in plaice at 10 -10-2 me.

Increased visual sensitivity probably occurs in northern anchovy when rod recruitment
begins begins at about 10-11 mm SL or 20 days of age (0'Connell, in press). Appearance of
rods occurs at about the same size in Pacific hake, Merluccius productus, (0'Connell, pers.
comm.). Thus, older fish may feed at night or in dim light. Indeed, older larvae of plaice
were capable of feeding in the dark (Blaxter, 1969). Yet, young Pacific hake (before rod
recruitment) and young cod (of unknown rod appearance) feed intensively after sunset (Sumida
and Moser, 1980; Ellertsen et al., 1980). The role of bioluminescence should be considered.

Chemical stimuli may be a factor for location of prey by larval fish. For example,
herring larvae show increased activity when extracts of Balanus, Artemia or herring are
added to their tank (Dempsey, 1978) and northern anchovy appear to locate dense patches of
Gymmodiniwum prior to eye pigmentation (Hunter and Thomas, 197%).

Distribution

Our knowledge of larval distribution in time and space is extremely limited. Diurnal
variations in larval distribution are attributed to activity, phototaxis, temperature prefe-
rence, prey distribution, and current movements. Vertical distribution studies, like most
field studies, suffer from the difficulty in determining the importance of net avoidance
in sampling. Net avoidance results in fewer larvae collected by day, especially larger
larvae; use of high-speed nets appears to decrease avoidance.
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Results of vertical distribution studies of two Atlantic species, yellowtail flounder
and haddock, show that young larvae may have a different distribution than older larvae.
The young larvae of both species did not migrate and remained below a thermal gradient;
yellowtail flounder remained at 20-24 m, between the shallow and deep thermal gradients
(Smith et al., 1978), and haddock seemed to iccur below the thermocline (Miller et al.,
1963). 0Qlder haddock (8-20 mm) did not migrate and appeared to be more abundant within
the Timits of the temperature discontinuity layer wh11e older yellowtail flounder (4-10 mm)
migrated as much as 15-34 m, crossing two separate 5° C thermal gradients. Ahlstrom (1959),
on the other hand, found that the species he studied in the California Current did not move
across the thennoc1ine, a gradient of 4-89 C; offshore, larval Pacific mackerel and jack
mackerel were observed in the upper 30 m and Pacific sardine and northern anchovy ranged
deeper, to 50 m, The range in temperature where the majority of larvae were collected was
restricted to 2° ¢ for jack mackerel, 14-16° C; 39 C for northern anchovy and Pacific mackerel,
14-179 C; and 4° C for Pacific s’rdine, 13-179 C.

Current measurements by Smith ez al. (1978) seemed to indicate that at night the yellow-
tail flounder larvae would be caught in the wind-driven surface layers, and during the day,
at mid-depth, they would be transported in the opposite direction, resulting in relatively
localized settling of the demersal stages.

An adaptive advantage of vertical migration for larval fish would be to accompany the
diel migration of prey, and some larvae (Pacific hake, Sumida and Moser, 1980; cod, Ellertsen
et al., 1980) do show high post-sunset peaks in feeding incidence. But Smith ¢t al. (1978)
analyzed larval stamach contents and concluded that the daily. movements of yellowtail flounder
were not related to feeding.

Vertical migration may be an energy saving device. Northern anchovy (11 mm SL) that are
below 10 m during the day migrate to the surface at night to fil1l their swim bladders; for
larvae 13.5 mm and larger, the energy saved by using the swim bladder to maintain position
in the water column at night exceeds the energy used to migrate to the surface (Hunter and
Sanchez, 1976). Another advantage of these nightly migrations may be that they concentrate
young larvae at the surface, thus increasing visual contacts that may facilitate schooling
behaviour which begins at about 12 mm SL (Hewitt, 1980; Hunter, in press).
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PREY

The dimensions of prey organisms relative to larval fish mouth size are important variables
which require consideration in any modelling effort. The size (usually measured at maximum
width) of the prey eaten by fish larvae is a function of larval mouth width; within species
mouth width is related to length, but mouth widths vary between species (Arthur, 1976; Beyer,
1980; Hunter and Kimbrell, 1980; Hunter, in press).” For example, mouth width of northern
anchovy and Pacific mackerel at first feeding is approximately the same size, 0.20 mm. But,
between 5-15 mm SL, mouth width of Pacific mackerel rapidly increases in size; northern anchovy
mouth also increases in size with age, yet at the same SL, northern anchovy mouth width averages
about 30 percent smaller than Pacific mackerel width (Hunter, in press).

Although mouth width Timits the maximum prey size, in nature fish larvae often do not
eat maximum size prey. For example, at 14 mm Pacific mackerel have a mouth width of 1 mm;
particles up to 0.8 mm are found in their guts, but the mean diameter of prey eaten by larvae
in the sea was only 38 percent of their mouth width (i.e. 0.34 mm, Hunter and Kimbrell, 1980).
Anchovy at the same standard length have a mouth width of 0.7 mm, and the maximum size prey
observed in anchovy guts was 0.3 mm (Arthur, 1956; de Ciechomsky, 1967). Deviations are
greater for hake larvae. Mouth width of 5 mm Pacific hake is.0.6 mm, and the mean width of
prey eaten was about 0.08 mm, 13 percent of hake-mouth width (Sumida and Moser, 1980). Beyer's
(1980) model of feeding success of clupeid fish larvae shows why optimum prey size, that allows
the highest feeding success, is less than the maximum potential prey size determined from
mouth measurements. However, there is a tendency for larvae in the sea to feed on progessively
larger prey as they grow (Marak, 1960; Shelbourne, 1953; Rojas de Mendiola, 1974; Arthur, 1956).
Furthermore, the dynamic population model of Jones and Hall (1974) postulates that cohorts of
cod and haddock larvae must be spawned in the proper time to grow up with a cohort of their
copepod prey (Calanus sp.).

In the laboratory it was found that size of prey fed to larvae must increase for larvae
to grow at maximum rates. Small food particles (Gymmodinium; Table 3) sustained northern
anchovy for more than two weeks, but growth was reduced (Lasker et al., 1970). Feeding
northern anchovy a larger particle (Brachionus) increased the growth rate (Theilacker and
McMaster, 1971), however copepods were soon required for anchovy to attain maximum growth and
survival through metamorphosis in the laboratory (Hunter, 1976). Hunter and Kimbrell (1980)
described a similar increase in required particle size for rearing Pacific mackerel, as has
Stepien (1976) for sea bream, Ware et al. (1930) for the anchoveta, Engraulis ringens, Jones
et al. (1974) for turbot, Scophthalmus maximus, and Houde (1978) for three species of sub-
tropical marine fish.

It should be stressed that both large- and small-mouth larvae eat small, more ubiquitous
prey and that it is possible that fish larvae can eat enough small prey to meet metabolic
demands for several days. This is the case with larval jack mackerel in the laboratory..
Jack mackerel (large-mouth larvae) fed Gymodiniwn from the onset of feeding (day 5) to age
12 days were the same size and as "healthy" (determined by histological assessment) as larvae
eating Gymmodinium, Brachionusand copepods (Theilacker, unpubl.). However, northern anchovy
fed on a Gymmodiniwm diet grew at maximum rate for three days only (Lasker et al., 1970).

Beyer and Laurence (1980) conclude from their model of growth and mortality of larval
herring that as larva reach certain sizes the energetic cost of each attack exceeds the gain
from ingesting smaller food particles; this size depends upon the larva's metabolic require-
ments, which are both genetically and environmentally imposed.




IOC Workshop Report no.28

page 118
Table 3. Prey size and caloric content.
Width Ory wt.
Particle (sem) (»9) Calories Reference
Gymodinium splendens
naEcd dinofTageTlate 50 - 0.00005 Hunter 1977
p 114
B::gh“i::us fcattls 133 0.16 .00085 Theilacker and McMaster 1971
ods! .
c:gzlﬂ 200 0.80 .0042 Laurence 1977
nauplii 250 1.30 . 0068 "
copepodid 600 15.40 .0809 "
nauplii 0.15 Houde and Schekter 1980
1
A::;l.h 236 .0096 Hunter 1977

1 Copepod weight and fat varies seasonally causing caloric varfations.

Selection

There is evidence for selection by food type. Gut analyses indicate that field-collected
Jack mackerel less than 10 days of age may select brightly coloured harpacticoid copepods
(Microsetalla, Oncasa, Corycasus) (Arthur, 1976), and Taboratory-reared jack mackerel may
either be unable to catch or may reject Labidocera nauplii in favour of Acartia and Para-
calanus (Devonald, pers. comm.). Although naupliar body size, .06-.09 mm diameter, of
Labidocera and Acartia is similar, Labidocera's appendages are 2-3 times longer than
Acartia's appendages; hence, Labidocera nauplii may be too large to ingest, or, owing to
larger appendages, simply too fast to catch. However, most evidence points to selection
related to particle size (Stepien, 1976; Uotani et al., 1978; Hunter, in press). It is
reasonable that larval fish exhibit little selectivity for food type; if food particles
are rejected, selectivity costs energy. Something must be gained by being selective; selec-
tion of large food particles offers a gain, i.e. more calories ingested per energy expended
(as particle diameter increases 2.5 times, calories increase by a factor of 10; Hunter,
in press; Table 3). In the field, large-mouth larval Pacific hake, 3-8 mm contained large
numbers of small organisms; however the large adult copepods that they ate accounted for 74
percent of the volume (hence, 74 percent of the calories) of food eaten (see table below,
from Sumida and Moser, 1980).
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Range Mean food Standard Frequency % of
max.width vogums devgat;gn Frequency x v81um§ total
(um) (10°%m9) (10 um’) (107 um°) volume

Copepod eggs 50-100 0.364 0.083 674 0.24534 0.7
Copepod nauplii  40-300 4,013 5.148 441 1.76973 5.3
Copepodites 80-450 14.698 24,308 393 5.77631 17.4
Mult copepods 110-600 57.418 54.850 426 24.46007 73.8
Other 40-550 49.401 107.783 18 0.88922 2.7

L = 33.14067

Density

Critical prey density, the food concentration required for first-feeding larvae to
initiate feeding, is a component of larval survival which has caused great controversy among
scientists involved with larval fish research. Laboratory experiments to date have usually
been done with somewhat uniform and high concentrations of prey and a relatively high density
of larvae. Prior to 1970, threshold food-density experiments in the laboratory were consi-
dered "successful" when there was high survival and fast growth of larvae. Fishery biologists
accepted that field-mortality rates in excess of 90 percent during the egg and larval stages
produced healthy year-classes, but in the laboratory biologists demanded high survival rates.
The critical prey densities determined by these experiments were higher than densities
measured in the integrated natural larval habitats. Lowest survival rates in laboratory
feeding experiments (Table 4) were usually at particle densities reported to be common in the
field (Table 5); thus, these experiments may represent levels characteristic to the field.
Houde's (1974; 1978) work on three species of subtropical fish reported significant survival
at low prey densities; sea bream required 50 plankters/1 and lined sole required 100/1
(Table 4). These food levels are common in coastal and partly enclosed areas (Table 5; from
Hunter, in press, and Houde, 1978).

Critical prey densities determined in the laboratory and presented in Table 4 are con-
stant prey concentrations required for optimum survival from first feeding to 2-7 weeks of
age {with the exception of the herring experiment that was conducted with older larvae).
These densities vary among species and will also vary with life stages within species. For
example, Laurence (1977) showed that the initial required prey density for winter flounder
to meet metabolic requirements (including growth) was 800 nauplii/l; after successful feed-
ing behaviour was established, the critical density decreased to 300 nauplii/l1. Then as
growth and metabolic demands increased, critical density increased to 600 nauplii/l.
Laurence-also showed that at the onset of feeding, winter flounder started feeding at 10 and
100 nauplii/l1 but did not survive longer than two weeks. Thus, threshold densities for
first feeding (Table 4) are not indicative of particle concentrations required for survival
during all life stages.

Laboratory experiments reveal that variations in prey density affect larval fish feeding
rates, ration, activity, evacuation time, growth rates (time to metamorphosis), and gross
growth efficiencies (Werner and Blaxter, 1980; Houde and Schekter, 1980; Wyatt, 1972;
Laurence, 1977; Hunter and Thomas, 1974). Generally, as prey density increases, feeding
rates, ration and growth rates increase (Table 6); gross growth efficiencies may increase or
decrease (Table 9) and activity, evacuation time (Table 10) and time to metamorphosis
decrease. Due to differences in experimental technique, comparisons of studies that depend
on controlled prey levels need same qualifications, These restrictions are discussed in the
final section of this review, wherein laboratory techniques and facilities for obtaining
relevant physiological data are described, and comparative observations are tabled.
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Table 4. Food density thresholds for 8 species of marine fish larvee
Survival at various
Container Stock food densities
Species and _volume  Duration density  gensity Percent
common name (liters) (days) Food type No./L Ne./L survival Reference
PLAICE
Plauronectes platessa 1 14 Artemia 50 1,000 72! Wyatt 1972
naup (larvae) $00 72
s 200 54
100 32
NORTHERN ANCHOVY
Enqraulis mordas 10.8 12 Wild z00- 10 4,000 1 0'Connell & Raymond
plankton (eggs) 900 12 1970
s (nauplii) 90 0.5
9 0
BAY ANCHOYY
Anchoa mitichilli 76 16 Wild zo00- 0.5-2 - .5,000 54 Houde 1978
plankton {eggs) 1.000 48
$ (nauplii- 100
copepodites)’ 50 0-12
SEA SREAM
Archosarqus rhamboidalis 76 16 . 0.5-2 500 72 " b
(eggs) 100 37
s 50 13
25 7
10 4
LINED SOLE
Achirus lineatus 38 16 - 0.5-2 I,(\)gg ?g " “
(eggs)
s s 50 1
NADDOCK .
Melanograsmus aeglefinus 37.8 42 Wild 200~ 9" 3,000 39 Laurence 1974
R plankton (larvae) 1,000 2
(nauplif) 500 3
100 0
10 1]
‘C’lu"‘ hareng 20 2163 8 3,000 4-3 we: & Blaxte
ypea us - Artemia N rner axter
58-84 1,000 3-12 1980
300 0-8
100 0-12
30 Q-1
WINTER FLOUNDER
Pseydop leurgnectes americanus 64 49 Wild zoo- 9" 3,000 3 Laurence 1977
plankton (larvae) 1,000 4
{(nawplii) 500 3
100 1
10 [

! Syrvival